Abstract: Analysis of the near full-length genomes revealed that the subtype F appeared in Brazilian HIV-1 epidemics at least 10 years after the subtype B. Notably, the BF recombinant emerged almost simultaneously with the introduction of subtype F in Brazil. Analysis of reverse transcriptase fragments indicated that the C subtype originated in the early 1990s, and the CB recombinant emerged 2 years after the appearance of subtype C. The high growth rate of BF recombinant possibly obscured the prevalence of the pure subtype F. In contrast, subtype C, although appearing 20 years after subtype B, was responsible for a well-defi ned epidemic. Nevertheless, the CB recombinant equally emerged rapidly after the introduction of the second parental (subtype C). Our results suggest that the outcome related to the recombinant profi le are probably infl uenced by the capacity of the newly arriving subtype to establish a critical number of infections before it recombines with the previous circulating subtype.
Introduction
Circulating recombinant forms of HIV-1 (CRF) are particular intersubtypes recombinant viruses that spread throughout a population of epidemiologically unrelated individuals. Despite the fact that subtype B remains the most prevalent clade in South America, BF recombinant viruses are co-circulating in South American countries (Sierra et al. 2005; Santos et al. 2006; Bello et al. 2007 ). Previous studies have suggested that BF viruses circulating in Argentina (CRF_12) emerged from a single BF ancestral sequence originating in Brazil. (Sierra, Thomson et al. 2005 ) Although this might be true, the evolutionary dynamics and the dates of the original BF recombination events are less than clear. In HIV-1 epidemics occurring in the southern states of Brazil, nearly half of the cases involve infection with subtype C. (Soares et al. 2003) The complexity of subtype distribution and mosaic structures might have derived from an intricate combination of factors, including highly interconnected transmission networks exploited by distinct variants and the intrinsic recombination rate of HIV. A phylogenetic-based analysis using Bayesian methods was employed to explore the evolutionary history of the subtypes B, F and C, as well of the intersubtype recombinants BF and CB, the last having been identifi ed only recently. (Santos, Sousa et al. 2006) .
Our primary focus was the Brazilian epidemic, which seems to be the main source of the wider South American epidemic. Two distinct Bayesian coalescent methods were used to analyze near full-length sequences of pure B, F and C subtypes, as well as of the BF and CB recombinants. We also analyzed small fragments of the reverse transcriptase genes of the pure subtype C and of the recently isolated recombinant CB. We found that recombinant viruses (i.e. BF and CB) emerged just after the introduction of the second parental, either F or C subtype, into the Brazilian HIV-1 epidemics. Therefore, the number of infections caused by newly introduced subtype before it recombines with the previous circulating subtype might be decisive to determine the mosaic pattern of recombinant viruses.
Methods

Data sets compilation
We collected sequences from unlinked individuals sampled over distinct years (heterochronous) as follows: nine near full-length subtype B sequences of HIV-1 isolated and 45 near full-length BF virus
Phylogenetic inferences
Maximum likelihood trees were done under the GTR model (Rodriguez et al. 1990 ) plus a Gamma distribution (GTR+Γ). This model was used to obtain an initial tree through the neighbor-joining method and then it was swapped by nearestneighbor interchange method (NNI). Phylogenies used on coalescent analysis were made assuming maximum likelihood criteria and molecular clock. The inferences were made using the program Hyphy. (Pond et al. 2005) .
Recombination detection
Since recombination can increase the overall length of terminal branches in phylogenies and this can affect the estimation of evolutionary parameters, such as substitution rates and time to the most common recent ancestor (Schierup et al. 2000) . We then decided to detect and exclude recombinant sequences from the alignments used in the analyses. Likewise, in the analyses where recombinant viruses were evaluated we excluded DNA fragments with breakpoints. Description of breakpoints pattern of South American BF viruses can bee seen in the fi gure 1S (supplementary data). Detection of recombinant sequences and identifi cation of breakpoints were done using DualBrothers software (Minin et al. 2005 ).
Coalescent analysis
A Bayesian Markov chain Monte Carlo (BMCMC) method was used. (Drummond et al. 2007 ). The BMCMC method uses the phylogenetic uncertainty of heterochronous sequences to estimate ancestral genealogies, demographic variables and evolutionary parameters such as nucleotide substitution rates per year, growth rate and divergence dates. We assumed relaxed molecular clock and tested three demographic models: (i) constant population size, (ii) exponential growth and (iii) logistic growth, characterized by a period of exponential growth followed by a decline. The MCMC chain length was 60-100 10 4 (with 10% of burn-in). The analyses were made using the BEAST package, and the convergence of parameters was evaluated using TRACER software, version 1.4 (Department of Zoology, Oxford University (http://evolve.zoo. ox.ac.uk/software).
Additionally, a strict molecular clock technique, based on the reversible-jump MCMC method (rjMCMC) implemented in the "ape" library of the R-package (http://www.r-project. org) (Opgen-Rhein et al. 2005) , was used to analyze the demographic history of HIV from fi xed binary trees constructed with isochronous sequences. The coalescent analyses were performed according to the following criteria: First we applied the MCMC method to analyze nine near full-length subtype B sequences isolated in South America and fi ve full-length subtype F sequences isolated in Brazil. This technique was also applied to a 488-bp env fragment from 19 samples of HIV-1 of subtype B from Brazil.
Finally, a 1258-bp env fragment, free of breakpoints and with a genetic composition related to the subtype F (herein denoted clade F), obtained from 26 sequences of BF virus was also analyzed. Additionally, the rjMCMC method was applied to isochronously-sampled sequences. Prior to the analyses, sequences were used to construct phylogenetic trees assuming a strict molecular clock. Those trees were then used to determine the demographic history through coalescent-based measurement of the internode intervals, resulting in a skyline plot, in which the effective population size is depicted along the time axis. We analyzed 948-bp pol sequences of subtype B: 126 Brazilian samples and 148 Argentine samples. The same approach was also used to analyze a 1210-bp env fragment (herein denominated clade B), free of breakpoints and with a genetic composition related to the subtype B (monophyletic) obtained from 17 sequences of BF virus was also analyzed. Because these sequences were isolated in 1999 they were considered isochronous. Finally we analyzed 579-bp RT fragments of 43 subtype C samples and of 28 samples of the newly identifi ed CB recombinant viruses, all of which were obtained from cases occurring in Southern Brazil. In order to reduce biases due to convergence, drug-resistance codons were removed from pol and RT sequences.
Results
Demographic history of subtype B in Brazil and in Argentina
Since the most probable origin for the CRF_12 was due to a unique transmission event from Brazil. We then evaluated the demographic history of subtype B strains in Brazil and Argentina. To perform this analysis, trees were constructed using the pol fragments of subtype B sequences from 126 Brazilian samples and 148 Argentine samples. Initially, a phylogenetic analysis was constructed in which we included samples from Brazil and Argentina plus reference isolates of HIV-1. This tree was used to detect recombinant sequences. All sequences presenting phylogenetic evidence of recombination were excluded, as were drugresistance codons. Maximum likelihood trees were then constructed assuming a strict molecular clock and they were next used in the rjMCMC analysis. For both the Brazilian and the Argentine subtype B pol trees, a substitution rate (substitutions per site per year: µ) of 0.0015 (Salemi et al. 2005 ) was assumed. The skyline plot indicated that the epidemic growth of subtype B in Brazil increased exponentially after 1975 (Fig. 1, panel A) and in Argentina after 1970 (Fig. 1, panel B) . This result might indicate that HIV-1 subtype B epidemic started almost in the same time in Brazil and Argentina and spread similarly in these countries.
Phylogenetic analysis of near full-length genomes
In order to determine the relationship of strains circulation in South America we constructed a maximum likelihood tree using near full-length sequences. The tree (not shown) has a monophyletic group formed by CRF_12 with few recombinants from Argentina dispersed in the tree. On the other hand, recombinants from Brazil were almost all scattered in the near full-length genome tree. The diffuse pattern of some recombinant sequences is expected since they present distinct mosaic patterns and might have originated from distinct ancestral sequences. By this reason we then decided to study a genomic fragment free of breakpoints that could refl ect the ancestral relationship of recombinant viruses. We identifi ed a 1258-bp env fragment absent of breakpoints for most recombinants from Argentina and for nine recombinants from Brazil (herein designated as clade F and clade B). This breakpointsfree env fragment was used to study the demographic history of BF strains from Argentina (clade F) and of BF strains from Brazil (clade B).
Demographic history of BF recombinants
Initially, the rjMCMC method was also used to analyze the env fragment from sequences of the BF recombinant of the Clade F. This fragment is also free of breakpoints, and its nucleotide composition is based upon the subtype F parental genome. In this case, sequences of the env fragment were assumed to be isochronous and a substitution rate of 0.009 (we estimated this rate using the relaxed molecular clock Bayesian MCMC method as is explained below) was used. The result shows that recombinants of clade F start to growth exponentially after 1986 (Fig. 2 , panel A). Similarly, The rjMCMC method was also used to analyze the 1210-bp env fragment (after further additional trimming) from sequences of the BF recombinant of the Clade B. This fragment is free of breakpoints, and its nucleotide composition is based upon the subtype B parental genome and a substitution rate of 0.009 was assumed. The result shows that recombinants of clade B started to increase exponentially before 1985 (Fig. 2, panel B) .
Next, we used the relaxed molecular clock and the dates of sequences to estimate the demographic parameters of HIV-1 strains. The results of the heterochronous Bayesian MCMC analysis are summarized in Table 1 . The demographic parameter estimates based on the near full-length genome showed that the age of the most recent ancestral (MRCA) of subtype B in South America originated in 1971 (1950-1982) . On the other hand, the estimated age of MRCA of subtype F was 1981 (1968-1988) (Table 1) . Other parameters, such as substitutions per site, growth rates and the number of infections, were lower for subtype F than for subtype B. This might refl ect the minimal impact of subtype F on the HIV-1 epidemic in Brazil. In addition, the results obtained with the env fragment reveal that the MRCA of subtype B is 1970 similar to the estimate made using the near full-length genome. Conversely, the env fragment estimates indicated a more recent origin for MRCA of BF viruses of clade F, dating from 1984 (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) . Although these sequences were obtained from recombinant viruses, this fragment is free of breakpoints, and its nucleotide composition is based upon the subtype F parental genome. Notably, the estimated substitutions per site, growth rate and number of infections for BF viruses of clade F were higher than those for subtype F and similar to those for subtype B. Similarly, the 1989 (1984-1991) . However other parameters such as substitutions per site, growth rate and number of infections were extremely high compared to the estimated for others viruses (Table 1) .
Number of secondary infections
The growth rate (r) permits the estimation of the basic reproductive number of an infection (R 0 ), which reflects the number of new secondary infections caused by a primary infection pathogen. The number of new infections caused by HIV-1 can be estimated using the equation:
where D is the average duration of infectiousness. It is quite reasonable to assume a putative range of 5 to 10 years (Salemi, de Oliveira et al. 2005) for D for HIV-1, hence it provided an estimated mean R 0 of 3.107 (2.405 to 3.81) new secondary infections with subtype B using the growth rate estimated for the near full-length genome and mean R 0 of 2.9425 (2.295 to 3.59) using the growth rate estimated for the env gene fragment. The estimated mean R 0 was 2.395 (1.93 to 2.86) for subtype F (using the growth rate estimated for the near full-length genome). On the other hand, for BF recombinant the estimated mean R 0 was 3.6775 (2.785 to 4.57) for the clade F viruses and 6.025 (4.35 to 7.7) for clade B viruses (Table 2 ). These fi ndings might refl ect either the elevated transmission dynamics of or a selective advantage of BF viruses over others "pure" strains in the South American HIV-1 epidemic. Although we have used a limited number of sequences and may incur in biased estimates for all parameters, our results were in agreement with results observed in a cluster of BF recombinants isolated in children from Argentina (Aulicino et al. 2007 ).
Demographic parameters of CB recombinants
The rjMCMC method was applied to study the RT sequences of the subtype C and CB recombinant viruses. Two near full-length genomes of pure subtype C and two full-length genomes of the CB recombinant (Lole et al. 1999; Santos, Sousa et al. 2006) were initially used as references in a phylogenetic analysis to identify the RT sequences of subtype C and of the CB recombinant (Fig. 3) . The tree identifi ed two . Maximum likelihood tree constructed using nearest-neighbor interchange method and 579-bp reverse transcriptase fragment of Brazilian isolates of HIV-1 of subtype C. Open circles depict two previous identifi ed CB recombinants (04BR137 and 04BR colored in blue) which full genomes are available. They were used to identify monophyletic isolates (see text for details). The tree topology is composed by two cluster (delineated by dashed rectangles) that discriminate subtype C (sequences depicted in magenta) from the CB recombinant (sequences depicted in orange).
well-delineated clusters defi ning the subtype C and the monophyletic CB recombinant sequences. The CB sequences share an identical 259-bp B signature, suggesting that they derived from the same ancestor and were monophyletic in the tree. Separate strict molecular clock trees were constructed for the subtype C and CB recombinant sequences. These trees were employed in the rjMCMC analysis of the skyline plots, assuming a substitution rate of 0.00334 (Salemi, de Oliveira et al. 2005) . The results show that subtype C dates back to 1990 (Fig. 4, panel  A) whereas subtype CB is more recent, dating back to 1992 (Fig. 4, panel B) . Additionally, we used the relaxed molecular clock assuming a substitution rate of 0.00334 (Salemi, de Oliveira et al. 2005) to estimate the demographic parameters of subtype C and CB recombinant viruses. The estimated MRCA for of subtype C is 1987 (1984-1989) and the estimated MRCA for CB recombinant virus is 1989 (1984-1991) (Table 1) . Likewise, assuming a putative range of 5 to 10 years (Salemi, de Oliveira et al. 2005) for the duration of infectiousness it was possible to estimate the number of secondary infections (R 0 ) caused by subtype C and CB recombinants (Table 2) . Therefore, the mean R 0 was 6.6 (4.6 to 8.2) for subtype C (using the growth rate of 0.72 (0.49-0.971) and mean R 0 was 12.7 (8.8 to 16.6) for CB recombinants (using the growth rate of 1.56 (0.91-2.35).
Discussion
The age of MRCA estimated for subtype B is in agreement with those of previous studies suggesting the 1970s as the most probable decade of origin of HIV-1 epidemics in Brazil. (Bello, Eyer-Silva et al. 2007 ) It also agrees with recent fi nding suggesting that HIV-1 spread as a single event from Haiti after the 70s. (Gilbert et al. 2007 ) The fi ndings that subtype F and the BF recombinant emerged simultaneous in Brazil is also concordant with the identifi cation of a BF virus in the mid-1980s (Carr et al. 2001 ) and of the fi rst case of subtype F in the early 1990s (Potts et al. 1993 ). This fi nding, together with the lack of a pure subtype F epidemic in South American countries, strengthens the hypothesis that the now widely-disseminated BF circulating recombinant forms originated in Brazil (Sierra, Thomson et al. 2005 ). In addition, our fi ndings suggest that subtype F was readily and completely assimilated into the previous (caused by subtype B) HIV-1 epidemics in Brazil. Perhaps the rapid assimilation of the pure subtype F has drastically reduced the chances of this subtype establishing a minimum number of infections and thus independently initiating an epidemic. This idea is also supported by the broad diversity of BF recombinant forms (Gao et al. 1998; Thomson et al. 2002; Sa Filho et al. 2005 The rapid and complete assimilation of subtype F resulted in the emergence of distinct BF viruses with varying proportions of B and F fragments along their genome. In addition, the complex spectrum of unique recombinant forms might also result from de novo recombination. Consequently, the complete assimilation of subtype F might have drastically reduced the chances for this subtype to establish an epidemic. Nevertheless, this hypothesis might not hold for other subtypes, since the CB recombinant also emerged simultaneously with subtype C in Brazil. Distinctly, subtype C is growing more rapidly than is subtype B and accounts for approximately half of the HIV-1 cases in Southern Brazil (Soares, De Oliveira et al. 2003; Salemi, de Oliveira et al. 2005) . Notably, the recombinant form resulted from the intermingling of subtypes B and C presents an RT gene parental B fragment of less than 300 bp. Therefore, subtype C supposedly presents better fi tness than does subtype B. The biological and epidemiological reasons for this distinction in the way subtypes F and C were assimilated into the HIV-1 epidemic in Brazil merits further study. Furthermore, the high growth rate and consequent high R 0 of recombinants might indicate that it presents greater fitness than do its parental counterparts. However, another intriguing feature of BF recombinant epidemics is the way they spread in Brazil and Argentina. Particularly, although CRF-12 may have its origin in Brazil they are not disseminated epidemically in Brazil. In addition, nearly 80% of all HIV-1 isolates from Argentina are BF recombinants of clade F (i.e. CRF-12 and others recombinants with similar mosaic pattern).
(Sierra, Thomson et al. 2005; Aulicino, Holmes et al. 2007 ) Since BF recombinants from Argentina have extremely high growth rates (Aulicino, Holmes et al. 2007 ). Therefore it is quite reasonable to suggest that the elevated prevalence of BF recombinants among Argentinean isolates is due to the replicative fi tness of these viruses. Nevertheless, most of BF viruses lately isolated in Brazil which includes two CRFs, (see Fig. 1S or ref. (Sa Filho, Sanabani et al. 2005 ) for a detailed description of these CRFs) have its genome composed primarily by subtype B background and our study might indicate that they also have high replicative rates. Therefore the reason for the successful spread of CRF-12 only in Argentina and not in Brazil cannot be explained merely by its supposed elevated replicative fi tness. Consequently, it is tempting to speculate that the key for the successful dissemination of an HIV-1 clade (either pure subtypes or recombinants) relies in fi rst establishing a critical number of infections in moderately isolated groups of highly interconnected individuals, such as intravenous drug users. Hence, this temporary isolation may provide the critical number of infected hosts needed for viruses to grow enough and establish a characterized epidemic that subsequently enable the distinct virus to spread to other individuals. Indeed this also seems be the case for subtype B since the early spread of almost all isolates this subtype can be traced back to only one Haitian isolate. (Gilbert, Rambaut et al. 2007 Table S1 . Description of sequences of HIV-1 from South America. Figure S1 . Mosaic composition of near full-length sequences of BF viruses isolated in South America. Genomic regions corresponding to subtype B viruses are depicted in red, regions corresponding to subtype F are depicted in blue and regions where the parental sequences could not be determined (low a posteriori probability) are depicted in green. The tree at left side of the fi gure represents the clustering pattern of South American isolates based on the genome breakpoints of these sequences.
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